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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAYL. MEMORANDWM 1397

INTERIM REPORT ON FATIGUE CHARACTERISTICS
OF A TYPICAL METAL WINGl

By J. L. Kepert and A, O. Payne

SUMMARY

The results of fatigue tests on seventy-two P51D "Musteng" main-
planes are reported. The object of the programme is to investigate
the fatigue characteristics of a riveted wing structure under all
practical combinstions of elternating load and mean load.

Tests were made on g number of specimens at each of a series of
load ranges and on many of these specimens the stress distribution was
determined during the test by electric resistance strain gauges. A
series of tests was also done on specimens subjected to pre-losds of up
to 95 percent of the ultimaste fgailing load. Tests at relatively high
load ranges were done in an hydrasullic loading rig while the tests at
lower loads with consequent longer life were done in & more rapid reso-
nant vibration rig.

From the test data at present availsble the following conclusions
may be drawn: N

(a) The frequency of occurrence of any one type of fallure appears
to be relsted to the losd range.

(b) The rate of propagation of visible cracks is spproximately con-
stant for a large part of the life.

(c) The fatigue strength of the structure is similar to that of the
notched material for an appropriate theoretical stress concentration fac-
tor which is greater than 3.0.

(&) The frequency distribution of Patigue life 1s approximately
logarithmic normal. :

1

This paper, reproduced by NACA through the courtesy of the Department
of Supply, Commonwealth of Australia, was originelly published as Report
ARL/aM. 207, Melbourne, Australia, January 1955.
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(e) The relative increase in fatigue life for s given Pre-load is a
function of the meximum load of the loading cycle only., The optimum value
of pre~load for this structure 1s approximately 85 percent of the ultimat
failling loed. -

(f) In determining the fatigue strength of a critlcal component in
a redundant structure, the local stress level cannot be obtained with

gsufficient accuracy using the normsl design procedure.

1. INTRODUCTION

The present programme of tests on Mustang wings was underteken as a
continustion of the investligation on the fatligue strength of metal wing
structures begun on "Boomersng"' CA~12 wings in 1948.

The aims of the programme gre:

(a) To observe the behaviour of & typlcal wing structure subjected
to repeated losding and, following the earlier works, to obtain infor-
metion on some aspects of fatigue fallure including, the dependence of
the type of fallure on the load range, the rate of crack propagation and.
the nature of the stress distribution in the critical areas.

(b) To determine the complete alternating load-mean load disgram
~for a full scale wing of typlcal riveted construction.

(c) To correlate the fatigue strength of s complete structure to
notched fatigue data on the component material.

(d) To examine the form of the frequency distribution of fatigue
life and obtaeiln the fatigue life for gilven probability levels.

(e) To investigate the effect of pre-loading on the fatigue charac~
teristics of the structure.

Ninety-one "Mustang" wings, declared surplus following World War II
were procured for this programme and in pursuance of the above objectives
these specimens are tested to destruction without modificatlon. Initial
results have already been reported in reference 1 but all results on the
seventy-two wings tested up to the present date are included here.

2. DESCRIPTION OF TEST SPECIMENS

The wing is of stressed skin construction, febricated mainly from
2 ST slclad sheet and 24 ST extruded sections. It conslsts of two
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tepered panels having s mein and resr spar. (See figs. 2, 3, and 5.) Out=-
board of station 145 the torsion box is formed by the upper and lower sur-
faces and the rear spar. Between stations 145 and 75 the torsion box is
formed by the leading edge and mgin spar end between stations 75 and O

by the wing surfaces and the front and rear spars. The two wing panels
are Joined at the centre by internal bolting angles on the upper surface
and externsl bolting angles on the lower surface. This structure is
regarded as a typical example of the sheet and stringer construction

beling used in eircraft structures at the present time.

While none of the wings tested was virgin, only nine had seen much
service. The remainder had experienced very little flying and this con-
gisted mostly of acceptance tests and ferrying flights., The sverage flying
time of these specimens was 65 hours, varying from 13 to 365 hours. The
remeining nine wings had seen operstional service in Kores and each had
experienced over 500 hours flying. (Their flying time is noted in teble I.)
As mentioned in section 8 it is proposed to investigate the effect of pre-
vious flying time on the fatigue life.

3. METHOD OF TESTING

3.1l Loading Condition

The test loads represented the low angle of attack case and were
derived from reference 2. The shear and torslon disgrams are shown
in figure 1.

The ultimate load factor used in design was 12 for an alrcraft
welght of 8,000 1b. However the test loads sre expressed as & percentage
of the ultimaste failing loed (U.F.L. = 89,600 1b) which was determined
as reported in reference 3, ' _

3.2 Hydrsulle Losding Method

The tests at high load and relatively short life (less than sbout
30,000 cycles) were done in an hydrasulic loading rig (ref. 4). In tests
where the mean loed was relatively low the minimum load of the cycle was
g download. For these tegts welghts were stacked upon the upper surface
of the wing and distributed in such a msmner that the required bending
moment and shear force distribution were obtained,

When using this method screw jacks were used to tension the holding
down straps and support the dead weight load as shown in figure 7. At
the normal rate of cycling of 10 c.p.m the weights showed no slip during
the test. A specimen losded with welghts for testing in this manner is
showvn in figure 6.
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3.3 Vibration Loading Method

The tests at low load range were done in a vibration loeding rig,
a general view of which is shown in figures 8 and 9. This method was a
development of that originally used in the fatigue testing of CA-12 wings
(ref. 15). Fixed suspension was used thus cbtaining the correct loading
throughout the span. This proved an essentlal requirement as major
fallures were obtained in the neighbourhood of the fuselage connections.
The method of testing consisted of modifying the structure by attaching
masses, or springs of suitable stiffness, so that when the structure was
vibrated at its natural frequency the required shear load distribution
was applied. The vibration was excited on the port gide by a stroking
machine driving through a spring, the load being controlled by & deflection
indicator at the starboard tilp.

A detalled descriptlion of the test rig together with the method of
calculating the vibration mode 1s given in gppendices I and II. The
accuracy of losding has been checked by numerous electric resistance &
strain gauge readlngs and slso by deflections meagured during the test.
From this investigation which 1s described in gppendix II it appears -~
that the applied losd is accurately known to within 5 percent. To
improve on this estimste more accurate methods of measuring the relatively
small strains end deflections would have to be developed.

The test date shows that at these low load ranges a variation of
t5 percent in the alternating load results in a variation of spprox.
+25 percent in the mean 1life. This is relatively small compared to
the total variation in life about the mean value which at these losd

ranges glves a value of_about 6%:1 for the rat;o_of the lives to fail-
ure at probabllity levels of 0.99 and 0.01.

4. DESCRIPTION OF TESTS

Tests in the hydraulic loading rig were continued until finsl fallure
occurred and in the vibration loading rig until 1t was cbserved to be
imminent.

No modificgtions or repalrs were msde to fhe structure elther before
or during testing but bolts and screws that falled during a test were
replaced wherever possible. -

For each. specimen the life of both port and starboard halves has to
‘ve determined elther by testing the unbroken half with a mating hglf from
another wing (s composlte specimen) or by estimating the remaining life
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from the results of other similasr tests. All loads have been expressed
as percentages of the ultimate failing load as determined in reference 3.

4.1 The Alternating Load - Mean Loed Diagrem

To determine the alternsting load - mean load disgram tests at a
series of different alternsting loads were carried out at mean loads of
6 percent, 27 percent, 37 percent, 47 percent, and 68 percent. The tests
at 6 percent meen losd were done in the Vibration ILosding Rig except for
the high alternating load tests at 3 & 35 percent U.F.L. The Hydraulic
Rig was used for all the other tests.

4.2 The Effect of Pre~Load

The effect of a pre-load on the fatigue life has been investigsted
by varying the following parameters:

(a) Megnitude of the pre-load. Specimens were subjeckted to pre-
loads of 70 percent, 85 percent, 90 percent, and 95 percent U.F.L. In
each case the effect of the pre~load on the fatigue 1life was then deter-~
mined by testing two wings at a given load range namely 6 £ 28 percent

(b) Values of the load range. The effect on the fa:bigue life of a
given pre-load (95 percent U,F.L.) has been determined for different
alternsting loads nemely 11 percent and 28 percent at a constant mean
load of 6 percent.

Similarly, the effect at different mean loads has been determined
by testing specimens pre-loaded to 85 percent at mesn loads of 6 percent
and 37 percent and constant alternating load of 28 percent.

Two specimens pre-~loaded to 85 percent have been tested at an inter-
mediate load range of 27 % 16 percent. Detalls of these tests are shown
in tgble IT.

4.3 Investigation of the Strain Distribution

Electric resistance straln gauges were attached to s number of
specimens in areas which experience has shown contained the major failures,
in order to determine the local stress and the manner in which it varied
as fallure progressed. The strein readings were taken on s Miller Oscll-
lograph for wings tested in the Vibrstion Rig and on & Tlnsley Recorder
for tests in the Hydraulic Rig,
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Also the wings tested in the Vibration Rig were flrst loaded in the
Hydraulic Rig and the strain gauges calibrated in terms of load using the
Miller Oscillograph so that a direct comparison between the loasds applied
in the two test rlgs was obtained. Tests are 1ln progress to determine the
strain digtribution in critical areas before and after pre-loading, by
gpplying pre-lcads of successively incressing magnitude.

5. TEST RESULTS

The port and starboard sides of the wing are structurally identical
except for minor differences which did not affect the fatigue failures,
and each half wing has therefore been regarded as a test specimen. This
gilves double the number of test results but it i1s essentisl to determine
8 life for each helf so that the strongest are not excluded.

For speclmens tested up to the present time the average life of
port mainplanes 1s 13 percent greater than that of starboard. Although
a8 preliminary exemingtion indicates that there is statistical signif-
icance at the 5 percent level the difference is regarded as negligible
for practilcal purposes.’

A summary of the test data for all specimens is shown in table I.
The alternating losd-mesn losd diagram (A-M diagrem) of figure 24 has
been obtained from SN curves plotted for a series of mean loads between O
and 70 percent U.,F.L. The cycles to fallure at each load range has been
taken to be the mean life, determined on & logexrithmic basis, for the
specimens tested., This method is used because, as is shown later
(eppendix IV), the distribubion of the log of the life in the neighbour-
hood of the mean is a very good spproximstion to the normsl distribution.
The tests, particularly at 16 percent mean load, are not yet complete
and the shapes of the constant life lines in figure 2L are therefore not
final.

Six distinet types of fallure have been observed at positions indi-
cated in figure 5. These can be summarised as:

I. Fallure initiating in the skin at station 80 from the leading edge
of the ammunltion chute.

ITI. Failure in the region of station 21, originating from the junction
of the wheel-well panel with the front spar.

IIT. Fallure in the region of station 28 originsting from the front
spay flange where the spar doubler ends.

IV. Failure in the region of station 6 originating from holes required
for the bolts gttaching the jolnt cap at the centre joint.
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V. Failure initiating similerly to IIT in the region of station 35.

VI. In pre~loaded wings only; failure in the upper flange of the front
spar at station T7, leading to feilure in the lower flange and then for-
ward into the skin from the front outboard corner of the tank<bay. The
failures are described in detell in gppendix IIT.

The results on the effect of pre-loading are shown in table IT.
Graphs of the relative increase in fatigue life as a function of the
magnitude of the pre-~load and as a function of the maximum load of the
loeding eycle are shown in figures 27 and 28 respectively. The points
plotted represent the results of pre-load tests on two wings in each
case, except for the 85 percent pre-load at a test load of 6 * 11 percent
where only one starboard speclimen was tested.

The strain distribution in the critical ares of the tank-bay is shown
in figure 33. These readings were teken in the region of the front spar
between stations 15 and 40 where the failures IT, IIT, and V develop. ’

6. DISCUSSION OF RESULTS

Referring to the A-M dlsgram of figure 24, the lines of constant
life are of simllar shape to those for notched specimens of 24 ST
aluminium alloy derived from references 6 and 7. Unfortunately very
little data are available on notched 24 ST glelad which is the main
materisl used in the tension surface. However in Appendix V s comparison
has been made between the fatigue strength of the Mustang specimens
and that of the clad materisl for load range ratio R = O. This compari-
son. indicates that glthough the location of the failure varies with the
load range, the life to fingl fallure alwavs corresponds to a value of the
theoretical stress concentration factor (KT) of approximstely 3.6.

In gppendix VI it i1s shown thet the fatigue life of a large riveted
structure, when campared with thet of the notched materigl at the same
nominal stress, would be expected to show a value of Ky greater than 3.0.
The results on Mustang specimens, for R = 0 &t least, support this con-
clusion for independent fallures in quite different areas. If a value
of K‘I‘ greater then 3.0 always applies for the life to complete collepse,

as suggested, the fatigue strength of this type of construction will
always be limited considergbly by that of the component material.

The statistical distributlon of fatigue life has been investigated
in appendix IV. At each point on the A-M diagram the logarithms of the
lives have been taken and standsrdised to correspond to a population with
zero mean and unit standerd deviation, the resulting cumilative distrie
bution being shown in figure 32. In the neighbourhood of the mean
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value the results show good agreement with the straight line representing

the normsl varisble although extreme values diverge from it. In appendix IV

it 1s shown that the method used by A. M. Freudenthsl (ref. 5) to explain
this behaviour on theoretical grounds for plain material specimens may also
be applied to final fallure in the Mustang wings. This together with the
fact that the results include failures in quite different areas of the
wing, indicetes that the logarithmlic normal should be a good epproximetion
to the distribution of fatigue life for riveted structures in genersl.

Using the cumulative frequency distribution plotted in figure 32
constant life lines for probebilities of failure P, of 0.0l and 0.99,
have been drawn on the A-M disgram in figure 25. These data are best -
applied to an 1ndividual case by drawing S-N curves for the appropriste
mean load for prcobabilitiles of fallure of 0.0l and 0.99, using figure 25,
This has been done for mean loads of O percent, 15 percent, 30 percent,
and 45 percent as shown in flgure 26. .

The ratio of the lives corresponding to probabilities of failure of
0.99 and 0.0l varles with the load range but-the average value is epproxi-

mgtely 2.5:1,

——

It should be noted that these diagrams of life to failure refer to
a half mainplene and at the same probability level do not give the life
for a P51D wing which would have a lower value since fallure of either
half constitutes fallure of the complete specimen. As the port and star-
board halves are considered identical this can be regarded purely as &
size effect and the theory due to Weilbull applied (ref, 10). On that
basis if P, 1s the probability of fallure of the complete wing and Py

that of either port or starboard half:

o -
Py =1 -(1- Pl)

Data cen therefore be obtalned for a complete wing at a probaebility

level P, by using a value of Py =1 - |1 - P,. Thus for the life lines

of figure 2L, P, = 0.5, and these are hence life lines of Py = 0.75
for the complete wing. To obtain the mean life lines (Py = 0.5), lines

corresponding to a value of Pi=1na J%: would be teken from the data.

A statistical analysis of the results give '
gilven in appendix IV show
that the‘type of failure is not influenced by “the magnitude of the °
ilternatlng load of the cycle., At the present time the dats indicates
hat the mean load and the maximm losd both have a significant effect

on the type of failure, but it ig hoped
ore oomabseq. » ped to clarify this when the tests

"}

Fd
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There i1s an optimum value of pre-load giving e maximum relative
increase in fatigue life, ss shown in filgure 27, for the load range
of 6 + 28 percent. At-this load range the optimum value of pre-load
is 8% percent. Heavily pre-loaded specimens tested st low mean loads
have developed major fatlgue fallures in the upper surface as shown in
the long life tests at 6 + 10.6 percent where gll the pre-loaded speci-
mens showed fatigue cracks passing through the upper flanges of both
front and rear spars from the corners of the gunbay opening (the first
stage of fallure type VI). This is caused by the unfavoursble stress
redistribution .induced in the upper surface, (normally in compression)
which in low mean load tests is subjected to relatively high alternating
tension.

Referring to figure 28 the relative increase in fatigue life for a
given pre-load, when plotted against the maximum load of the cycle gives
e smooth curve. This spplies for both pre-load values of 85 percent and
95 percent for each of which tests have been done at three different load
renges. No such relationshlp is found between the relative increase In
1ife and the other parameters of the load range, which indicates that the
relative increase in life at a glven pre~loasd is & function of the maxi-
mum loed of the loading cycle only. These curves have been used there-
fore to show the behaviour of the pre-loaded structure at all load ranges
and are referred to simply as the pre-load curves. Since the beneficial
effect of pre-loading spproaches zero as the maximum load of the cycle
approaches the pre-load, the pre-load curves have been drawn tangent to
the exis of load at a point corresponding to the pre-load for which
they apply. The shape of the curves then shows that the optimum value
of pre-load is practically the same for all load ranges. Also as the
maximum load of the cycle is decreased the relative increase in fatigue
1life incresses steadily and, for pre-loads near the cptimm, becomes
very great. This results in the fatigue fallure being transferred to the
upper surface (the surface in compression under the pre-load) as already
explained. To further investigate these effects tests are in progress
to determine the local stress distribution and force redistribution that
oceurs in the criticel menbers as the msgnitude of the pre~load is
increased. ' -

The strain distribution along the front gpar between station 15 and
station 42 is shown in figure 33. These results have been obtained from
electric resistance strain gauges attached to the main spar flange, the
tank-bay door, and the skin psnel attached to the front sper flange reaxr
of the wheel well, This is the region in which failure types II, III,
and V originate.

Peak stresses® occur in the sper flange at station 28 where the spar
doubler ends and near station 21 where the wheel well panel ends. Corre-
sponding pesk stresses occur in the tenk-basy door. The heavy doubling
plete on the wheel well skin panel ends at statlon 37 and between this

ZNACA reviewver observes that these peak stresses would correspond
with the strains of figure 33.
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point and station 20, the stress carried in the skin panel falls off con-
sidersbly causing a corresponding rise in the stress in the main speaxr flange.
These results show that the major fatigue failures occur at points where
there 1s a peak In the local stress level.

The design stress, based on simple engineering bending theory, is
shown in figure 33 for comparison., The stresses in the three menbers,
mein spasr flange, tank-bay door and skin panel are gll equal and local.
stress varistion ls simply proportional to the local change in section
modulus. It is spparent that the errors in the actual local stress
digtribution are so marked that the normal design stress canmot be used
succegsfully in the determination of the fatigue strength of the structure.

The rates of craeck propagation at the msjor failures are shown in
figure 14 and 15 from which it will be observed as noted in reference 1
that crack propagation rate (measured as the percentage of initisl tension
area felling per cycle) 1s constant for a large part of the total life.

T. CONCLUSIONS

From the present dabta the following conclusions concerning Musteng
wing structures msy be drawn:

(a) There are six distinct types of failure leading to final collapse.
Failure type I occurs at station 80 in the tension skin, being initiated
from an smmunition ejector chute cut-out. Faillure typ&€s II to V all occur
in the region of the tank-bay between stations 6 and station 33 and are
propagated through the tank-bey door. Fallure type VI occurs only in pre-
loaded specimens and 1ls lnitiasted by a fallure in the upper surface from
the corners of the gun-bay near station 80.

(b) The relative frequency of occurrence of the gun-bsy failure
(type I) and the tank-bay failures (types II, III, and V) varies with the
load range but is independent of the magnitude of the alternating losd.

(c) The rate of crack propagation et the major failures (percentage
of initial tension ares fgillng per cycle) is spproximately constant for
a large part of the life (figs. 1k and 15). i

(d) Lines of constant life drawn on the alternating load-mean load
dlegram are of the same general shspe as those obtalned for notched alu-
minium alloy specimens (fig. 24).

(e) When compared st the same nominal stress and load range ratio
R = 0, the fatigue 1life to final failure corresponds to that of notched
specimens of 24 ST aleclad (the main materisl of comstruction) with a



NACA T™ 1397 1

theoretical stress concentrstion factor (KT> of epproximately 3.6.

For riveted structures of sheet and stringer construction, correspondence
with the notched materisl can be expected at a value of the theoretical
gtress concentrgtion factor greater then 3.0.

(f£) The frequency distribution of fatlgue life is epproximately loga-
rithmic normal. There is evidence to show that this is true 1n genersl
for structures of this type (appendix IV).

(g) For a given value of pre-load the relative increase in fatigue
life is a function of the maximum load of the cycle only (fig. 28) and
progressilvely iIncresses as the maximum load is decreased until finally
the life is prolonged until failure is inltiated in the upper surface.

(h) There is an optimum value of pre-losd which causes s maximum
relative increase in life for &ll loed ranges. This optimum pre-load is
approximstely 85 percent U.F.L. and results in a relative increase in
life of over 300 percent when the maximum load of the cycle is below
30 percent U.F.L. e

(1) In determining the Tatigue strength of the criticsl component
of a redundant structure, the locel stress is affected by the force dis~
tribution between sdjoining members, arid the usual design methods do not
allow for this refinement.

8. FUTURE WORK

Additional investigations proposed in the current programme sre:

(a) Correlation between the fatigue characteristics of Mustang wings _
and. notched specimens of 24 ST and 24 ST alclsd.

(b) Determination of the reduction in fatigue life of Mustang wings
that have seen long service.

(e) Investigation of load redistribution in the critical areas under
various values of pre-losad.

Investigations proposed following the present programme are:

(a) Cumulstive demage tests on Musteng wings under various types of
load sequence and application of a proposed Airworthiness Fetigue Test.

(b) Determination of the fatigue characteristice of an araldite bonded-m‘
structure and comparison with an identical structure of riveted construc-
tion.

(e) Correlation between fatigue data of complex structures and notched
test specimens (ref. 16).
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(d) Correlstion between lsboratory tests such as reported sbove and
actual service conditions (ref. 17).
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APPENDIX T
VIBRATTON LOADING TEST METHOD

This method 1s a development of that used in the series of tests on
CA-12 wings described in reference 15.

As shown in the general view of figure 8 the wing is inverted and
attached at the fuselage connections to rolled steel joist supporting -
beams which span between reinforced concrete columns from which the whole
assembly is suspended on spring steel strips.

The present series of tests at a mean losd of 6 percent ultimate
falling load require no externslly epplled steady load and therefore no
loading frames are attached to the wing except at station 145 where the
exciting force of the vibration is gpplied on the port side. -

The method of fixed suspension is used to provide correct losding
throughout the span. In this method the nodal points of the vibration
are positioned by fixing the wing at the fuselage connections thus intro-
ducing the required alternating reactions at these points.

However the flexibility of the supporting beams has been designed to
allow a bodily oscillation of the wing such that the resultant deflections
of the structure produce the required shear loading without the addition
of any large masses to the structure. .

This bodily oscillgtion is practically in phase with the wing vibra~
tion exciliting it since 1t 1is g forced vibration of the wing on its mount-
ings, and the natural frequency of thils system has been made relatively
high. To gpply the torsional moment distribution additional alternsting
forces are necessery and to avoid loading frames, alleron and flap hinges
on the trailing edge of the wing have been selected as suitable attachment
points.

A mags or a spring of sultable stiffness is attached according to the
sign of the torsionsl moment to be spplied. Shear and torsion diasgrams for
the applied losding are shown in figure 16 end a brief description of the
method of calculstion is given in appendix IT.

The wing is excited on one side only which necessitates minimum bending
restraint at the supporting points to obtain sympathetic vibration of the
other side. This is obtalned by suspending the supporting rolled steel
Joigts on flexible steel strips maintained in tension by hydrsulic: jacks
applying a steady downward loed, which exceeds the maximm slternating
load. To ensure equallty of losding on all of the four steel strips the
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front and rear pairs are each connected by & short beam pivoted at the
centre on the main supporting columns.

Rolling of the wing about these pivots at low frequency during
starting 1s restrained by rubber damping blocks. A view of the arrange-
ment can be seen in flgure 10 which shows the rear support assembly.

The tensioning Jjacks for the steel strips are supplied with oll gt
constant pressure from an hydraulic pump. This also supplies through a
pressure regulator, & series of tension Jacks which apply a constant load
to the springs attached to the trailing edge of the wing in order to
correct the torslonsl moment as described sbove.

The vibration is exclted by a mechanicel stroking machine driving the
wing through & pair of stiff springs at station 145 on the port side. To
provide g counter balance for the mean spring tension of the exciter
springs a similer spring system is connected at & corresponding positlon
on the starboard gide.

The megnitude of the driving force 1s adjusted by altering the throw
of the stroking machine, while speed control is obtailned by using a D. C.
motor drive powered by e 10 H.P. Ward Leonard set. After the throw of the
stroking machine is set, according to the degree of excitation required,
the D. C. Mobor is started and the speed lncreased until a vibratlon is
maintained Just below the resonant frequency. The power input to the
driving motor is then adjusted to obtain the desired amplitude of vibra-
tion as shown by a deflection indicator similaer in principle to that
described in reference 15 except that the body of the Instrument is left
free to "float" to the mean position of vibration. This is necessary since
the wing is able to roll about the central supporting pilvots.

A gketch of the device 1s shown in figure 11, It consists of an cil
daesh pot containing two pistons, one belng fixed 1n space and the other
being contacted by an upper striker attached to the wing, The cylinder of
the dagh pot 1s free to move on the fixed pistovn and 1ls contacted by a
lower striker on the wing. The osclllating strikers are thus continually
holding piston and cyllinder together agailnst the pressure of s light
spring. The cylinder carrles & movesble contact between upper and lower
fixed contacts and in the correct running position the movesble piston
mainteins the centre contact midway between the flxed contacts. Any
change in amplitude csuses the centre contact to close with the lower or
the upper contact. This operstes pllot lamps on the control desk gnd
relays may be set if.desired to switch off the generator set automsti-
cally, However after belng initiaslly set the vibration remains constant
over long periods without further gttention,

The accuracy of loeding has been checked using electrilc resistance
strain gauges and by measuring deflections at various points along the
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span. These show that the maximm error in stress between any station
from O to 100 does not exceed +5 percent. (It is believed that the actusl
error is somewhat less than :5 percent as this Tigure includes instru-
ment errors.)

Investigation is proceeding into the effect of varistion in load as
the main failure develops but initisl tests indicate that it does not
cause & significant error in life., Specimens are run: in the rig until
fallure is imminent. A number of such specimens have been loaded to finsl
collapse in the hydrgulic loading rig and have falled gt practically the
maximum loed of the cycle,
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APPENDIX II
CALCULATION AND VERIFICATION OF THE VIBRATION MODE

Consider esch half of the wing to be dividéd into n segments and
edopt the following notatlon.

Ny the mass of the 1R segment from the wing tip.
I, moment of inertis of the r'l segment sbout its C.G.
XYy co—ordinastes of the C.G. of the rth segment relative to

axes perpendiculer snd parallel to the span.

amplitude of vibration of the C.G. of the rth segment.

Zy

oy amplitude of rotatlion of the r'l segment sbout its C.G.
[vith respect to the y axis. |

W frequency in rads/sec.

Frn emplitude of shear force due to my.

Ty amplitude of torsional moment exerted by the rth segment

gbout the y axis.

£f. = g%- shear coefficlent.

t,. = 2% torque coefficient.
o .

If the wing is in steady vlibration at a fregquency w, then

2
Fr = mpzyw
and if the natural frequency in torsion 1s high relative to w

I, = (?rzrxr + Ire;>w2

For a resonant vibration in the prescribed mode the deflections 1z,

end 6, must correspond to the deflected curve upder the required loading
and F, and T, are given by the shear and torsion diagrems.

Therefore to satisfy (1) and (2) for all values of r the mass dis-
tribution of the wing must in general be modified by attaching masses in
a given position. The disadvantage with this procedure is that near the
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fuselage connections the deflectlions 2z, are very small and the mssses
I have to be correspondingly large involving the clemping of heavy
welghts to the structure.

To overcome this a method has been evolved in which a free bending
vibration of the wing is excited but the forces at the fuselage connec-
tions, reacting the vibration, are allowed to force a verticel oscillation
of the structure on its mountings. If the natural frequency of this mode
is relatively high the oscillation will be practically in phase with the
vibration producing it. This requirement cbviously limits msximm smpli-~
tude of oscillation that can be permitted.

Let zy and 68p be the amplitudes of vertical oscillation and
pitch of the whole structure on its mountings.

th

The resultant vibration of the r segment is then -

z2p' = zyp + 29 + Xpfg (3)
8,' = 6, + 8p (1)

This provides finite deflections in the neighbourhood of the fuse-~
lage connectlons and is the mode of vibration used in the present series
of tests. : g

Each side of the wing wee cut into 10 segments and the mass, moment
of 1nertis about the y axis and position of the center of gravity were
determined for each segment. The values of 2z, and 6r were obtained
from a calibration in the hydraulic loading rig and the shear and torsion
increments required at each segment were obtained from figure 16.

The shear coefficients are given by5
fr = mpZy + mpZg + MpXplo

e - N
- zOQnr + Ty ;g-) (5)

ONACA reviewer notes that teble ITT, column (9), suggests an alter-
nate equality, as follows:

%o
fp = maZ,. + mrzo<} +a xr>,where a = o
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The value of gg is fixed by the position of the wing on 1ts mounting
0 v
beams: It 1ls not feasible to alter this apprecigbly. -

The shear coefflclents were obtained from (5) and by sultably selec-
ting the value of z it was possible to approximate the form of the shear
disgram closely without the addition of any masses. (See fig. 16.)

The value of w was then obtained from the relstionship

F .
o = = (6)

.

The torsionsal increments due to each segment were then obtained as
follows -

T = (mrxr [zr + 2o + xrec_)] + Irer)a)2 (7)

¥

These were plotted on the torsion dlagrem (see fig. 16) glving a nose
down torslonal moment generally in excess.of that required. Correcting
torques were therefore introduced at suitable stations. The aileron and
flap hinges were gelected as convenient attachment points and masses or
springs of sultable gtiffness as shown in Table IV were attached according
to the sign of the torsionsl correction regquired.

These forceg, of course affected the shear dlagram but as they were
relatively small a reiteration process using a modified value of 1zpy Was

not necessary. The frame at station 145 enables a mass to be attached to
effect any minor correction., The cglculation of the shear and torsion coef-
flicients is shown for the wing segments in table IIT and for the forces
introduced to correct the torsion in teble IV. The resulting shear and
torsion diagrams are shown in figure 16 for the calculated value of fre-

quency (o = 13.% c.p.s.).

A number of checks of the accuracy of loading have been made using
electric resistance strain gauges abtbached to the spars. Deflectlon meas~
urements have also been obtalned by clamping penclls to the structure at
varlous points and drawing a board past them while the wing is vibrating.
The small deflections being forced st the fuselage connectlions have been .
measured with a Vibrograph.

The results of the mogt comprehensive of these tests are shown in
detall in tables V and VI and indicate that at any point on the span the
error In epplied load 1s less than *2 percent of the ultimate failing v
load. This is wlthin the accurscy of measurement of the methods used to
determine the strains and the deflections,
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A1l the gvallable strain gauge readings from g number of specimens
heve been used to provide s more relisble estimgte. For each strain
gauge reading the ratic

load corresponding to indicsted strain
average load for the specimen

has been determined and plotted agsinst spanwise location as shown

in figure 12. The values are distributed in a random mammer about a
straight line through the value 1.0, indicating again that the accuracy .
of loading is well within the accuracy eof measurement. "

The accuracy of load control by the deflection indicator (described
in appendix I) has been determined from strain gauge readings and deflec-
tion measurements teken on specimens during test. In figure 13 the
applied load obtained from such readings has been plotted for a number
of specimens sgainst the load setting of the deflection indicator.

From the sbove results it is concluded that between station U and
station 100 in. at least, the required stress distribution is obtained
with an accuracy of t5 percent or less.
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APPENDIX ITII
DESCRIPTION OF MAJOR FAILURES

Type I - Failure at Station 80 Through the Ammunition Chute
Cut-Out (Figures 5, 17, and 18)

This failure is initiated from a stress concentration at the corner
of the emmunition chute cut-out in the neighbourhood of a drastic change
in section of the tension skin. The tank-bay door losd is taken out 1nto
a heavy doubling plate comnected to the rib at station T5. This doubling
plate extends out to station 80 (see figs. 5 and 18) surrounding the
inboard half of the cut-out. The initistion of the fallure 1s from the
last rivet hole attaching stringer and skin to the doubling plate., The
stress in the gkin obviously rises steeply st this point where the dou~
bling plate ends and this, combined with the stress round the hole near
the” edge of the cut-out, causes early appearance of a crack from the
rivet hole to the cut-out. This crack then extends forward in the skin
towards the front spar. A crack 1s also initiated at a later stage from
the rear of the cut-out at a corresponding rivet hole or sometimes from
the ocutboard corner of the cut-cut since the hole is further from the
edge of the cut-cut in this case,

The stringer in front of the cut-out then falls elther at the last
rivet hole attaching it to the doubling plate or at the Joggle at the
outbosrd edge of the plate where there is considersble bending loed in
the stringer. The rear siringer then fails in a corresponding position
(see fig. 18). Both these cracks are propagsted across the tension skin
through the outboard row of holes in the doubling plate causing progres-
sive fallures of stringers. The crack from the front of the cut-out resches
the front spar and is then propageted into the spar flange. This continues
wntil failure occurs under maximum load of the cycle.

Type IT - Fallure at Station 21 Through the Tank Bsy Door

Subsidiary cracks may sppear from screw holes 1n the leading edge
of the tank bay door where it is screwed to the front spar flange. These
screw holes often coincide with spot welds {which attach the leading edge
stringer to the door), and these are usually the sources of such subsid-
lary cracks.

A trisnguler panel forming the skin, rear of the wheel well (see
figs. 4 and 5) 1s attached to the forward edge of the fromt spar by a
row of rivets ending in 7 screws as the panel tapers out at station 21.
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This panel transmlits considerable tension load to the front spar
flange, and the change in section where 1t ends at station 21 makes
this area critical,. -

Fallure is initiated from one of the subsidisry cracks occurring in
the neighbourhood and is propageted into the front spasr flange at an
adjacent screw hole. This in turn Increases the tension load in the
tank bey door and the subsidiary crack extends rearward through the door
while the crack in the spar flange progresses and extends down the web.
(See fig. 19.) This leads to final collapse.

Type IIT - Failure at Station 28 Through the Tank Bay Door (Fig. 19)

In some cases the screws gbttaching the triangular skin panel to
the front spar fail. If this happens all the load from the panel is
transmitted to the front spar through the rivets further outboard. The
stress round the end rivets in this region 1s therefore considergbly
increased and there is also s sudden change in section of the front spar
flange where a doubler ends at station 28. This produces a major stress
concentration end a failure develops combining with one of the subsﬁd.iarv
failures in the tank bay door referred to in type II.

The fellure extends reasrward through the tank bay door and also
through the spar, as In type II, leading to final fallure.

Type IV - Failure st Station 6 Through the Tank Bsy Door (Fig. 20)

The Joint cap covering the centre Joint in the lower surface of the
wing 1s attached to the tank bay door omn each side by a line of anchor
nuts 4 in, from the wing centre-line st spproximstely 6 in, pitch. No
load is spplied through these bolts holes but together with the two
adjacent rivet holes attaching the anchor nut they cause a severe stress
concentration. The tension load in the tank bay door causes a crack to
appear between these holes. The failure then spreads falrly rgpidly from
each of the end holes and is propagated across the tank bay door. As the
failure spreads (see fig. 20) the centre joilnt becomes ineffective and
the tension load is redistributed into the front spar flange, the load
being carried scross the centre by the hesvy fish plate joining the port
and starboard spar flanges at the centre line. As the front spar now
cexrries almost the entire tension load, failure develops rapidly eilther
et station 21 where the spar doubler ends or near station L through
the fish plete Joint. .

This type of failure has only been observed at low alternating loads
(ill perc¢ent U.F.L.) where the number of cycles is very great.
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Type V - Fallure in Reglon of Station 37 Through the Tank Bay Door

The trlangular skin panel rear of the wheel well 1s Jjolned to the
forward edge of the front spar flange and has & hesvy reinforcing plate
attached where it tepers down between station 37 and station 21
(see fig. 4). A large psrt of the load in the skin panel is transferred
to the main spar through this doubling plate. If no failure occurs in
the spar this results in the rivets and screws between station 21 and
station 37 falling successively. The stress concentrstion at station 21
is therefore transferred to the neighbourhood of station 37, particularly
as the last rivets to fail in this area are transferring an increasing
high local load to the spar.

Phe result 1s & failure in the spar flange very often through the
last rivet attachlng the reinforecing plete and the skin panel. This
ususlly combines with one of the subsidiary cracks in the spot welds and
the fallure extends through the tank bay door and the front spar flange
causing finel collsapse.

Type VI - Failure Introduced in Upper Surface abt Station T7

This type of fallure occurs only in pre-loaded specimen subjected
to fluctuating loads the mean value of which is low (6 percent U.F.L. in
specimens tested), and is due to the unfavourable stress distribution
induced in the upper surface near the corners of the gun-bay. The rib
at station T5 between the tank-bay and gun-bay is fitted with a heavy
rib cap which interrupts the maln spar flange between station T7 and
station 73 1n both the upper and lower surfaces of the wing.

A crack first appears 1in the skin at the forwerd inboerd corner of
the gun-bsy at station 77, and then extends into the spar flange where
it is cut out for the rib cap. This leads to a crack in the gpar doubler
also and the fallure spreads down the web of both untll it is arrested by
a screw hole. The flange reinforcing plate falls and losd 1s redistrib-
uted into the rear spar. In conjunetion with the unfavoursble stress
distribution due to pre-loading this causes a fallure in the upper spar
flenge of the rear spar st the outboard corner of the gun-bsy. This
fallure extends both into the wpper skin and down the spar web,
(see fig. 21.)

The next stage is the development of a faillure in the lower surface at
station 73 at the interruption in the lower flange of the main-spar due to
the rib at statlion 75 as explained gbove, The crack spresds into the spar
doubler gnd down the web of each, until it reaches an Inspection hole., The
flange reinforcing plate fails in fatigue leaving the tension losd to be
carrlied by the tank-bay door and the skin panel covering the wheel well
forward of the front spar.
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Fagilure develops rapidly in the skin penel immedietely inbosrd of the
crack in the spar. There is a heavy reinforcing plate attached to the skin
penel in this ares and as the first crack spresds across the skin a second
crack develops parallel to it along the inboard edge of the reinforcing
plate as shown in figure 22,

The tank-bay door now cerries all the loaed in thls area and a crack
develops rearward along the line of screws attaching it to the rib csap
at station 75. This is followed by general fallure of the tension skin
through the inboard emmunition chute cut-out (fig. 23).
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APPENDIX IV

STATISTICAL ANALYSIS OF THE DATA

1. Statistical Destribution of the Life to Final Fallure

The data on pre-loaded specimens have been rejected as they are not
necessarily representative of the population and also the result from
gpecimen 20, which provides only one value at the particular load range.
A11 other tests results have been included. The frequency distribution
of fatigue 1life has been compared with the log normal distribution, fol-
lowlng results obtained on simple specimens (refs. 5 and 12).

Let

n = Number of specimens tested at a given load range =~ ) _ ; )
N =. Number of cycles to final faillure of any.specimen “ .
x = log N .

10

X = EE the mean value of x at a given load range
n

=t
]

- % log N
antilog x = antilog (-——;r——>, the mean life at a given load range,
established on & logarithmic basis. - L - —

-2 . =
S = _§£3i;%fil_ the standard deviation of the n wvalues of x,
\/ - :

The standerdised variate 8 =X é x

specimen at each load range. The value of X hes been obtained from the
constant life lines of figure 24 which are drawn for N +the logarithmic

mean of the life. The value of S at any load range has been similarly
determined from an alternating load - mean losd diagram showing lines of
constant standard deviation. The reason for this procedure was to reduce e
the error involved in estimating the mean and particularly the standard
deviation from the small mmber of results available at each load range.

has been calculated for every
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The cumulative distribution of 8 is plotted in figure 32 and,
except at extreme values, shows good agreement with the straight line
representing the standardised normal variable. This shows that the
logarithm of the fatigue life to final failure is approximately normally
distributed. : '

By purely theoretical reasoning Freudenthal has shown (ref. 5) that
for simple specimens a logarithmic normal distribution can be expected
to give a good approximation to the distribution of the fatigue life at
any particular stress level. He considers an spplied alternating stress

of constent emplitude to result in randomly verylng stresses Sp
So « « « S at any point in the material, the variation in the local

stress being due to "density fluctustions and place changes of particles"

resulting from the continusl stomic and sub-atomic movement within the
ngterial.

Under any stress 8, ., the increase in the area of disruption Ay

is regarded as being proportional to the gtress cycle and to some func-
tilon f(Ak) of the disrupted ares, which represents the effect due to
progressive damage. :

Thus
(Ak+1 - Ak) = Sy 8(8y) (1)
T Syl = f?ﬂﬂ;:;fﬁi'
£(Ax)
and hence

n n-1/, - A An.
7 (S) = ZGE‘iL_fE)g ) l%
0

2)
0 o \ T(&g) (

Freudenthal proposes the simple approximation:

) = Chy C = a constant
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Then

. _
Z(8y) =~ L 10g N (3)
0 c

He then shows that, using the Central Limit Theorem, the L.H.S.E}eft hand ~
side] of (3) tends to a normal distribution and that this leads to a log
normal distribution for the cycles to failure N,

In the life to final fallure of a large structure there is a long
period of crack progagation as will be seen from figures 14 and 15.
During thils period conditions ahead of the crack mey be represented by
Freudenthal's model if the function f£(Ax) includes all effects that
occur in the structure such as load redistribubion and progressive
increase in the nominal stress. The assumption, that f(Ax) = CAx under

these conditions, has been tested from observed crack propagation rates
in the Mustang wing.

Congidering the progress of damage over a large number of cycles
from Nb to Ny,

Nk
%Sk = (Mg - Ny)Ey (%)
No

SNk belng the mean value of the random variables So, él' o B
. Ny
For eny given value of Ny (provided Ny - Ny 1s large) = Sk and
"
hence (N - Nb) SNk is normally distributed about a mean value

(0 ~ Né)pk. Therefore 1f corresponding to given Ny and Ng, average
values of SNp, Ay and ANb are taken over & number of specimens we

may teke the mean value of §Nk as an estimate of py.

Then from (3) and (4)

1 k a .
= 108 4—=p = (N - N )S ) (1\]' - N.)
c By k 0/ PNy k o/ Pk
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Therefore

Ay
(Nx -~ Np) = Constant x log X

Ao

Values of Anb, Ay- - -ANk have been obtalined from the length of the

visible crack as failure progresses the damaged srea shesd of the crack
being assumed substantially constant. Since Nb and ANO are constant

log Ay, bhes been plotted against Nk/Nf (where N¢ 1is the life to

final failure). This has been done for four types of failure and in each
case the asgreement with a straight line is reasonably good. The results
are the average of four specimens and the intervals Ap - Ay, A3 - Ao, .

are all fairly large including at least several hundred cycles.

Thils investigation shows that the rate of increase of the area of
disruption is approximately proportional to the extent of the disrupted
area, even during the propagation of & fatigue crack through a complex
wing structure. This result can also be applied to the period of crack
initiation, as Freudenthal has shown that it applies to simple specimens.
Therefore Freudenthal's theoretical approach can be applied for final
failure in a large structure and this further supports the log normal
distribution as a useful spproximation to the distribution of fatigue
life. , '

2. Determination of an Alternating Load - Mean Load Disgram

for Extreme Probabilities of Failure

From the frequency distribution of figure 32 the values of 8, for
probasbilities of fgilure P of 0.0l and 0.99, have been determined and
used in conjunction with the A-M diagram of figure 24 and the A-M dia-
gram of standard deviation, referred to above, to determine values of x
and hence N corresponding to probabllities of fallure of 0.01 and 0.99.
This has enabled lines of failure for fairly extreme values of probability
to be drawn as shown in figure 25. The procedure is given in detail in
reference 1l. T
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3. Dependence of Type of Failure on the Load Range

In unpreloaded specimens five dlstinect types of major failure have
been observed and it is a matter of great lnterest to know whether the
frequency of occurrence of the type of failure 1s significantly dependent
on the load range. A preliminary Investigation has been made using the
present test data on unpreloaded specimens as shown in table VII.

Due to the relatively small number of occurrences of the faillures it
has been necessary to group some of them together to form a reliable basis
for statistical analysis. Types II, III, and V have been consldered as
one type since thelr methods of iniltiation and propesgation are similar.

As there are only two fallureg of type IV in the present data it has been
excluded from this investigation.

The effect on the type of failure of mean load, aelternating load and
maximum load of the cycle has been considered. The corresponding null
hypotheses are designated H;, Hp, Hz, and are as follows.

H, The frequencies of occurrence (ref. table VII) of fallure type I

end failure types II, III, and V are not significantly dependent
on the mean load of the cycle.

Ho The frequenciles of occurrence of failure'ﬁype I and:failure types II,
I1I, and V are not significantly dependent on the alternating load
of the cycle.

Hz The frequencies of occurrence.of failure type I and failure types 1T,
IIT, and V are not significantly dependent on the maximum load of

the cycle.

Consider first hypothesis H;. The data has been rearranged into a series
of classes, each class containing data for loed ranges, of substantially
the same mean load ss shown in table VIII. The expected frequencies are
then obtained, by dividing the total occurrences for each class between
each type of failure, in the ratio of thelr total mumber of occurrences
for all the classes, a8 shown in columns 5 and 6. The X2 +test is then
applied to determine the probability that the observed values accord with
the expected values as calculated on the assumption that H; holds. The

same procedure is then applied for Hr and Hz by selecting classes of
2 5. Y.

the same alternating load and the same meximum load respectively. The
values of X2 and the corresponding significance levels are shown Iin
columns 9 and 10 of table VIITI.

The results indicate a highly significant value of X2 for Hy
and H;. For Hp the class intervals of high alternating load neces-
sarily tend to include load ranges with high maximum load . _and in view
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of the result of the test on Hy it 1s to be expected that this factor
will influence the X2 test on Hy. Since this has shown that Hp is
discordant with the data at the 5 percent significance level only, it

appears safe to accept Hp. This is borne out by the similar results
for the X2 tests on Hy and H3 which would show some difference if

there was any marked influence of alternating load.

It 1s therefore concluded that the relative frequency of occurrences
of the two kinds of failure is dependent on some parameter of the load
range, other than the magnitude of the alternating loaed. The data at
present aveilable is not sufficient to yleld any more definite conclusion.
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AFPENDIX V

RELATION BETWEEN THE FATIGUE STRENGTH OF P51-D MAINPLANES
AND NOTCHED 2LST ALCLAD

In the tension surface of the wing the main spar doubling plate,
rear spar and skin are of 24ST slclad so that the life to final failure
is mainly dependent on the Ffatigue properties of this materisl. Unfor-
tunately few date are availsble on notched 24ST sglclad but S-N curves
for R=0 at Ky values of 1.0, 2.0, and 5.0 (refs. 8 and 9) are

shown in figure 29 and curves for any other Kp value can be obtained
by interpolation.¥

An alternating load - N curve for R = O has been obtained for
the mainplanes, from figure 2L and plotted as an SN curve in figure 30
(curve (a)) on the basls of the nominal stress in the tank bay as mea-~
sured by strain gauges. A similar curve has been drawn (curve (b) in
fig. 50{ based on the nominal stress in the gun bay area.

At high mean loads (and therefore, since R = 0, high alternsting
loads) fallure occurs in the gun bay erea (type I), but at lower loads
1t occurs in the tank bay (types II, III, and V) as represented by the
shaded areas in figure 30.

Using figure 29[br 3@ an S-N curve for 24ST alclad of appropriate Kﬁ

value has been plotted and this gives good agreement with the life of
the wing for failures in both areas.

Therefore, although the ares where final failure occurs is deter-
mined by the load range, it hes been shown that, for R = 0 at least,
the life of the wing is similsr to that for 24ST slclad of sn appropriate
KT value provided the comparison is based on the nominal stress in the
ares where fallure occurs, An explsnstion for this result is suggested
in appendix VI. where the general mechanism of final fetigue faillure is
discussed.

1LNZ-\.C.A reviever suggests that figure 34 may be used for this purpose.
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APPENDIX VI
DESCRIPTION OF THE MECHANISM OF FATIGUE FATLURE

All specimens that were not pre-loaded followed g characteristic
pattern in their life to fingl failure. As can be seen In figures lh
and 15 this failure occurs in 3 distinct stages: T —

(a) The stege leading to propagation of a visible crack which
occuples from 20 percent to 50 percent of the total life.

(b) The period of practically constant rete of crack propagation,
occupylng from 20 percent to 30 percent of the life.

(¢) The finel stage in which the rate of propagation progressively
increases. This stage occuples 20 percent to 4O percent of the total 1life
and is characterised by a marked increase in the nominasl stress and sppre-
ciable load redistribution in the structure.

In stage (&) the time for first appesrance of a crack is dependent
on the severity of the local stress concentration but the initial crack
is ususlly arrested by s nesrby rivet hole and stage (a) is regarded as
being complete when the crack begins to progress. In all cases the initial
crack starts from the outside edge of a hole near the edge of a relstively
rigld menber, usually where there 1s some other contributing cause, such
as load diffusion round the ejector chute cut-out or spot welds in the tank-
bay door. Stage (a) is therefore associated with a stress concentration
similar to that at the outside edge of & hole near the edge of an infinite
sheet. When the crack bresks through to the edge, the stress concentrator
becomes a key-hole slot or, to s first aspproximation, a "U" notch. In
elther event the theoretical stress concentration factor is in excess of
3.0 (refs. 13 and 14) even assuming no effeet from s bolt or rivet,

In stage (b) the fallure 1ls propagated through the mgin body of the
structure. As the crack travels scross the swface, losd is redistributed
into the stringer or stiffener immediately shead of it through the neigh-
bourhood rivets, and so the failure is led into the nearest rivet hole and
progresses across the surface in this manner, spresding from one rivet hole
to the next. -

The theoretical stress concentration factor round each hole in the
path of the fallure will Initislly be epproximstely 3.0, since 1t corre-
sponds to & hole remote from the edge of a semi-infinite sheet, (ref. 13)
but after the crack enters it the stress concentration will rise consid-
erably and propagate the crack. Therefore as long as the nomingl stress
in the tension surface is substantisally constant the rate of progress can
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be expected to be fairly wiform and correspond to fatigue fallure in the
notched material at a thecretical stress concentration factor above 3.0,
This has been investigated using constant rates of crack propagation "r"
determined from figures 14 and 15. A 1life of N = % has been obtained

corresponding to failure of the whole tension area st the constant rate r.
This can be regarded as the life of a notched specimen having a sbtress
concentration factor equivalent to that which produces the constant rate
of failure r in the wing, under the nominal alternating stress £,

of the load range.

To ensble the notched 24ST alclad data of figure 29 to be epplied,
the A-M disgram of figure 24 has been used to give for the life Ny an
alternating stress Iy at R = 0, corresponding to_the alternating stress
f, at the test load. Using the f; and N, so obtained the correspond-
ing value of Kp 1s determined from figure 34k, The results for speci-

mens 3132, 71-72, and 90 are shown in table IX, these belng the only
specimens available that were tested nesr R = 0. All the results are
reasonably close to KT = 3.0,

During the final stage (c) the effect of increase.in nominal stress,
and load redistribution in the structure, accelerates the rate of fallure,
in sddition to the fact that the materisl has already suffered consider-
able fatigue damage. Eventually, force redistribution in the structure
outweilghts all other factors until statlic fgilure occurs under the maxi-
mum load of the cycle., The equivalent stress concentration factor re-~
lated to the orlginsl value of the nominsl stress becomes very high.

This does not claim to be more thaun a general picture of the mech-
anism of final fatlgue failure, but it suggests that in a structure of
thls type (riveted sheet and stringer construction) fatigue failure
develops under conditions corresponding to a theoretical stress concen-
tration factor of 3.0 or more. In appendix V the life to final fallure
of Mustange wings at load range ratio R =0 (including failure types
I, II, IIT and V) has been found to approximate that of 24ST alclad for
8 theoretical stress concentration factor of 3.6.

A S
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TABLE I

FATTGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINPLANE

[A11 specimens other then those mentioned have a
service life less than 500 hours. 044 specilmen
nos. - port halves. Even specimen nos. - star-
board halvesJ

Ioad range Cycles to failure
Spec. . Type of Test
no. 1§%an% ii? % feilure | Initial| Final rig. Remarks
UL, | UFL fallure | fallure (8)
(v | (2 (3) (%) (5) (6) (7) (8)
1 6 10.6 v 990,600 { 1,807,200 | V
72 " " 11T 748,600 | 1,605,100 | V
81 " " v 680,000 970,000 | V
82 " " I 638,000 | 1,231,000 | V
83 " " v 350,000 | 1,145,000 | V
8k " " I 550,200 | 1,395,000 | V
87 " " v 110,000 | 1,295,000 | V
88 " " v 50,000 | 1,401,000 | V
8 " " I 169,300 | 1,098,100 | V
90 " " 1T 169,300 | 796,700 | V
127 " " v 51,100 | 4,448,000 | V |Pre-load 95%
Service life
1,061 hours
128 " " v 51,100 | 5,219,000 | V Pre-load 95%
Service life
1,061 hours
137 " " IIT 141,300 | 4,016,000 | V |Pre-load 94g
Service life
615 hours
140 " " VI 141,300 | 4,769,000 | V | Pre-loced 85%
63 6 16.6 11T 49,100 216,000 | V
6l " " IIT 82,000 174,000 | V
67 " " IT 35,800 106,000 | V
638 " " I 25, 800 178,000 | V
i) " " IIT 29,100 193,000 | V
6 " " iT 185,000 530,000 | V

v Denotes tested in vibration rig.
H Denotes tested in hydreulic rig.
* Denotes specimen retained for further testing.
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[All specimens other than those mentioned have g
service 1lfe less than 500 hours.

TABLE I.~ Continued

nos. - port halves.
board halves.]

NACA ™ 1397

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MATNFLANE

—

0dd specimen

Even specimen mos. - star-

Losd renge ) Cycles to failure
Spec. | A1, |Type of Test
no. ld(.efm% 4., ¢ |fellure |Initial | Final |¥ig. Remarks
U.F.L. | U.F.L. failure | failure (2)
(1) (2) (3) (%) (5) (6) (1) (8)
85 6 16.6 _' *
86 :: " v 84,100 | 301,600 v
93 . 21.5 *
94 I 6,400 | 24,700 v
99 " " IIT 1,80 | 12,200 | V
100 : : I 1,80 | 15,600 | V
117 *
Pre-load 85%
Service life
118 11} tt -V 559 hows
5,000 | 72,100 V | Pre-load 85%
Service life
. 539 hours
J_-L9 1 111 *
Pre-load 85%
Service life
1 1 875 bours
120 I 0} 8,%0. | Vv |Pre-losd 8%
Service life
r 1 875 hours
91 - ) _ ¥Pre~load 90%
92 ! I 6,600 | 58,600 .| V Pre-load 90%
111 " " ITI 10,000 | 68,600 | Vv |Pre-load 90%
112 " " I 29,600 | 75,400 | V |Pre-load 90%
103 1] n %
1 n ’ - Pre-load 95%
104 . I 4,000 | 21,500 Vv  |Pre-load 95%
3_13 1 1 *
1" " - Pre-load 95%
11k I 20,000 | 66,200 ¥V |Pre-loed 95%
111-3 R 1] 1 ¥*

o Pre-load TO%
1hh ! " I 47,100 | 68,100 | ¥ |Pre-loed TO%
l)-l's 1t Hi . %

Pre-loed T0%
6 " " III 10,000 | 11,500 Vv  |Pre-losd TO%
& v Denotes tested in vibration rig.
B Denotes tested in hydraulic rig.
* Denotes specimen retained for further testing.
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TABLE I.- Continued

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINFPLANE

[All specimens other then those mentioned have a
* service life less than 500 hours.

nos. - port halves.
boerd halves.]

0dd specimen

Even specimen nos. - star-

Ioad renge Cycles to failure
Spec. Mean Alt. Type of Test R X8
BO. 1 14., % |1d., # | TONTE | Initial | Finad | TiE-
U.F.L. | U.F.L. failure | fallure (a)
(1) =) (3) () (5) (6) (n (8)
129 ? 35 IIT 2,500 8,100 i
130 IIT 500 5,948 E
1% " N IIT 1,070 5,250 B
132 " " IIT 686 | 3,914 E
105 16 2l I 2,160 {22,000 H
106 " " v 4,090 | 17,859 H
107 " " I 3,135 | 17,900 H
108 " " I 2,0l | 15,699 H
115 " " I 1,595 {12,300 H | Service life
547 hours
116 " " I 1,220 8,576 E | Service life
547 hours
133 n " *
Service life
. 1,06k hours
13k B " I 0 |1k4,609. H | Service life
1,064 hours
l)'l-l 1 n »*
Service life
1,071 hours
1h2 " " IIT 6,470 | 19,241 H | Service life
) 1,071 hours
g i " *
Service 1life
1,025 hours
148 " " IIT 7,030 | 10,91k E | Service life
1,025 hours
153 1 1t *
Sexvice life
1,073 hours
154 " " I 0 |&L,91k HE | Service life
1,073 hours
95 16 33 ix 475 2,829 i
96 " ' I 107 | 2,950 E
97 " y IL 1,758 | 3,506 E
98 A " IIT 715 2,267 H
&y Denotes tested in vibration rig. - N
" Denotes tested in hydrsuliec rig.
*

Denotes specimen retained for further testing.

37
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TABLE I.- Continued

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MATINPLANE

EAll specimens other then those mentioned have a
service life less than 500 hours. ‘0dd specimen
nos. - port helves. Even specimen nos. - star-
board halves.]

M

Load range Cycles to failure

Spec. | pMean | art. | Type of _ Test
20 114, ¢|14., g |Teilure | Tnitiel | Finel |rig.| Towarks
U. F L. | U.F.L. failure | failure (a)
(1) (2) (3) (4) (5) (6) (7) (8)
101 16 35 v 1,530 | 3,514 H
102 Y " v 1,530 2,858 H
27 2l 3.4 II bi, hok | BY4,307 H
28 (i n I ll 554 61,000 =
31 " " I 2,019 | 42,000 E
32 " " I 2,21% | 32,116 H
39 1| 12.9 I o 70,406 H
Lo " 1 I 15’ 300 87, 900 B
3 . . I 11,630 | 77,400 | E
W j " I 7,79 | 68,275 | E
9 26.9 { 16.1 I 3,221 | 28,187 H
10 " " I L,774% | 29,400 E
11 " n TIT 30,092 35,725 B
12 " * III 17,615 | 31,084 H
17 . " I 3,205 | 47,249 | H
18 " " IIT 4,200 | 17,1315 =
29 ! ! IIT 0| 62,49k H | Pre-load 85.6%
30 " " v 3,675 | 82,000° H | Pre-load 85.6%
47 n 1" *
Pre-load 85.6%
48 " " IIT 20,750 | 44,973 | H |Pre-losd 85.6%
121 . " v 1,970 | 65,320 | H | Pre-load 95%
122 . " III | 18,550'| 52,990 | E |Pre-load 95%
125 . " v 20,80 | 53,930 | =© Pre-load 95%
12 14 114
Pre—loa.d. 95%
19 29.6 | 18.8 *
20 " " IIiI 3,5% | 13,118 | E
65 32 Lo I 20 727 H
66 | g It v 617 766 B
69 1" 1 *
0 ! " v 550 550 HE | Initial fail-
ure not
cobgerved

Denotes tested in vibrabion rig. :
Denotes tested in hydraulic rig. . - =
Denoctes specimen retained for further testing '

%<
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TABLE I.- Continued
FATTGUE TEST RESULAS ON P-51 D "MUSTANG" SEMI-MAINFLANE

[All specimens other than those mentioned have a
gervice life less than 500 hours. 0dd speclmen
nos. - port halves. Even specimen nos. -~ star-
board halves.] ‘

Spec. Load rénse | of Cycles %o fallure Best N
0. | Meen | Alg. |Tellure ' rig.
4., #${d., % Initiel | Final
U.F.L. | U.F.L failure | failure ()
. (1) (2) (3) (%) (5) (6) (7 (8)
5 32.3 a1.5 v 2,824 8,693 H
. 6 " " IIT 2,824 | 14,936 E
13 " " II W, 748 | 10,379 |- E
1k " " IIT 2,165 | 17,812 E
4 i " III 3,755 | 12,971 | H | Pre-load 103%
15 | 377 | 2.9 I 670 | 3,300 | E
16 ' " I 670 | 2, E
o1 n 1 T 150 5,1!00 B
22 " " I 1,181 ) k,926 o1
33 " " I 257 | 5,200 H | Pre-loed 85.5%
34 " " IIT 1,78 | k4,85 | H | Pre-losd 85.5%
35 " " T kol {5,000 E | Pre-load 85.5%
36 " " I 728 | &,799 E | Pre-lced 85.5%
125 " " I 1,03k | L, o
126 " " v 1,435 | 4,362 =
37 1+§. 2 19.4 I 2,275 | 14,564 H
38 ' " I 2,%96 | 14,900 H
b1 " i, I 2,230 | 12,400 E
42 " " I 1,600 | 11,175 H
59 4] 1 T 30 13,)4-00 B
60 " " IT 5,060 | 10,619 H
;‘g k7 1 IT 45,270 | 56,745 B,
57 " " ns 47,082 | 65,091 E
58 1n 1t *
61 " " T 5,664 |100,000 E
62 " " IT 7,515 | 98,066 E
| " I 12,775 | 83,50 | E
T8 " i I 12,775 | 76,012 H
v 79 11 1 *
& " " I 4,672 | 56,863 E

v Denotes tested in vibration rig.
H Denotes tested in hydreulic rig.
* Denotes specimen retained for further testing.
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TARLE I.- Concluded
FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINPLANE
[éll specimens other than those mentioned have &
service life less than 500 hours. 0dd specimen
nos. - port halves. Even specimen nos. - star-
board halvesa -
Spec. Load range Type of Cycles to failure Test Remarics
no. Mean Alt. failure | Inlitial Final rig.
4., #|1d., feilure | fallure
U-FOL- U-F-Lc (8.)
(1) (2) (3) (&) (5) (6) (1) (8)
51 L7 ol I 860 L, 550 H
52 " " 1T 460 L, 4h3 B
5% " " I 310 4,560 H
5k " " I 496 4,391 H
73 " " I 394 5,000 E
T4 " " ITI 3,565 4,78 H
23 48.4 37.6 _ *
ol ! " T 213 435 H
25 " 1] T 39 63)4- H
26 tt t T 243 660 "
45 68.25 | 12.1 I 4,650 | 34,000 H
46 " " I 4,650 |26,229 H
)+9 114 " .x.
50 " " ITI 2,095 {24,648 H

Denotes tested in vibration rig.
Denotes tested in hydreulic rig.
Denotes specimen retained for further testing.

¥ <
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TARLE IT
EFFECT OF PRE-LOADING ON FATTIGUE LIFE
Mean life
Magnitude Relative|Failure | Failure
of Losd Virgin |Pre-loaded|increase| type type
pre-load, range, specimen, | specimen, |[in life,| virgin |pre-loaded
% U.F.L. % U.F.L. cycles cycles % specimen| specimen
85 6 + 10.6 |1,2%8,000|%,769,000 | 285 { s
v
95 " 4,561,000 | 268 IIT
70 6t 28 17,500 68,100 | 289 I
85 N 78,700 | 350 IIT
I
90 " 67,500 | 286 I
95 ! 43,800 | 150 L I
85 26.9 * 16.1 31,460 63,820 | 103 IIT
I, III
95 ! 57,410 | 82.5 TIT
103 32.3 * 21.5 7,950 12,971 63 11T 11T
85.6 |37.7 + 26.9 4,139 k,975 20.2 I I, I1T




TABLE IIX

SHEAR AND TORSION COEFFICIENTS VIBRATION LOADING RIG

Mass distribution Deflections at Torque
of segment C.G. Shear coeff. fp ccne:f‘:ﬁ'c.1 tr
8 t
Tol@) 3 [ () (6) (1) (8) (9) (10) (12)
Jrz| ¥r, |Dp, I, Zpy ) MyZy s erg(l + axyp),| Total fr, '&r:
in.| in. jib.| 1b.4n.2 | in. red. 1b.in. 1b. in. lb.in. | 1b.in.2
1 {=2u7| -8.8) 7| 1.2 x 103{0.97 | 10.8x 02| 6.8 0.33 7.1 -6%
2 |e02| -6.7] 9] 1.7 86| 19.4 7.7 43 8.2 ~56
3 |176]-10.6] Yo| 9.6 67| 35.2 26.8 1.9 28.7 -305
L |1h3(-11.1] 46(12.9 45 [-29.8 2.7 2.1k 22.8 -25%
5 [185]-10.2] 22| 5.9 34 [-25.0 7.5 1.19 8.7 -89
6 107| -8.2] 52]13.1 .26 | 3h.9 13.5 2.46 16.0 -152
T 88( -4.0| 52[10.7 .19 | 64.0 9.9 2.65 12.6 -60
8 69| -3.5|180]32.0 .12 | 72.0 21.6 8.81 3.4 -109
g 43}-12.7| 52{22.0 .055| 35.0 2.9 2.38 5.3 -68
10 16 |-17.8]124 |58.0 c 0 0 5.51 5.5 ~99
%

ZO = 0-051 iﬂ.-

@ =

Fp = 19.6 fp. Tp=19.6 ..

2. 2 0.006 4n.”  celculated value of = 13.% c.p.s.
g

gh

LEET WL VOWN
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TABLE IV

SHEAR AND TORSION COEFFICIENTS DUE TO APPLIED

FORCES VIBRATION RIG

Spring | Sh £f orgue
, M Joiy ear coeff., f£f.,
Tn.| Tn. |tm. | 1b.|stirfness, £, %, Remarks
1b.in. 1b.in. 1b.4in.2
(L] (2 |(3) | &) (5) (6) (7) (8)
166|-35.2/0.65 97 -3.15 +111 |Spring at aileron
hinge bracket
145{-16.7/0.53| 18 +9.55 -159 |Exciter frame
-40.0}0.51 185 -4.73 +189 |Spring at rear of
frame
126|-37.0|0.40 150 -3.0 +111 |Spring at flap
hinge bracket
T6|-43.5|0.15] 21 +3.2 -139 |Mass at flap
' hinge bracket
(6) = (&) x (3) w= 13.4 c.p.s.
oF _(5) x (3)

af
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TABLE V
STRAIN GAUGE READINGS - VIBRATION IOADING RIG
Specimen No. 63/64
Load Ranges: 6 * 16.6% U.F.L.
Measured = 12.6 c.p.s. :
Type of Gauge Indicated Deviation from
Location strain station load mean value
(1) (2) (3) (1) (5)
Starboard Compression 21 in. | 17.1% U.F.L. 0.6% U.F.L.
Front spar | Tension 19 16.6 0.1
Compression 65 16.5 - 0.0
Tension 65 18.5° 2.0
Compression 97 16.5 0.0
Tension 143 17.6 1.1
Starboard Tension 25 16.0 -0.5
Rear spar Tension 64 18.7 2.2
Tension 97 15.1 -1k
Compression | 132 1%.4 -3.1
Avg. 16.6
Port Tension 100.5 15.1 -1.4
Front spar
Port Compression 63 15.9 -0.6
Rear spar Tension 63 17.5 1.0
Compression 2k 17.1 0.6
Tension 24 15.8 -0.7
Avg. 16.3
Mean value of all readings = 16.5% U.F.L.

(5) = (&) - 16.5%
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TABLE VI

DEFLECTION READINGS AT 25 PERCENT CHORD LINE
VIBERATTON LOADING RIG

Specimen No. 63/6k
Load Range: 3 t 16.6% U.F.L.

Measured o = 12.6 c.p.s.

Deflection Observed Corresponding |Deviation from
Station | for 10% U.F.L. deflection | 8Lt. losad, mean value,
from calibration % U.F.L. % U.F.L.
(1) (2) (3) (&) (5)
117 in. 0.30 1in. 0.46 in. 15.%% -1%
145 0.445 0.75 16.9 +0.9
216 0.915 1.5% 16.7 +0.7

Mean value = 16.3%.
(2). From deflection test in hydraulic loading rig. _
(3). Deflection (referred to 25 percent chord line) as measured

in vibration rig.

(). = ==~ x 10.
(2)
(5). = (¥) - 16.3%.
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TABLE VIT

DISTRIBUTION OF FATIGUE FAITURE TYFPES

Failure type

I, II1,
and V
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TABLE VIIL

STATISTICAL ANALYSTS OF FAYLURES

Frequency of occurrence of failure

Degress

Clas
Hypothesis mtervg,l Observed Expected of x2 Signﬂi‘];_ance
of loads Totel| freedom leve
I|IT, ™I, vi{ I |II, 11T, V
(1) (2) (3] (¥ (5) (6) (N (8) (9} (10)
Hy 6-26.9 |13 26 20.%k2 | 18.58 39
Effect of | 29.6-37.7| 1L T 9.43 8.57 18 2 11.2% 1%
Mean load | 45.2-68.3] 19 6 13.10 11.90 25 :
43 39 82
Hp 10.6-13.4 | 1h 10 12.58 | 11.ke 2
Effect of |16.1-18.8] 3 10 6.82 6.18 13 2 5.08 0%
Alt. losd |19.4-k40.4 | 26 19 23,60 21.40 45
k3 39 82
icY 16.6-41.0 9 18 14.15 | 12.85 27
Effect of |L41.0-58.0]13 15 14.69 13.31 28 2 10.76 14
Max. load |65.0-80.0 |21 6 1h.15 12.85 7
43 39 82

LEET WL VOVM
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TABLE IX

EQUIVALENT Kp DURING PERIOD OF CRACK PROPAGATION

Spec. no | Load range | fg r x 106 Ne = % £a’ Ko
31/32 24 + 13.4 8,000 1,300 77,000 7,500 | 3.6
T1/72 6.0 + 10.6 | 4,750 9.4 | 10.65 x 106 | 3,750 | 2.8

90 6.0 + 10.6 | 4,750 15.6 6.42 x 10 | 4,200 | 2.9
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Figure 4.- Detail of main spar tension flange station 18 to station 38.
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Figure 6.- Hydraulic loading rig with superimposed dead wéight loading.
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Figure 7.~ Centre section support in hydraulic rig for superimposed
dead weight loading. .
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Figure 8.- General view of vibration loading rig.

Figure 9.- Side view of vibration loading rig showing deflection
indicator in foreground.
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Figure 10.- Vibration loading rig rear support assembly.
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Figure 11.- Deflection indicator for vibi‘ation loading rig.




E.R.5.G. READING
AVERAGE E.R.S G, READING

13

-2

0-8

07

0-6

A STBD. FRONT SPAR
¥ STBD, REAR SPAR
©® PORT FRONT SPAR
g PORT REAR SPAR o)
A
©
N v A 2
a (o]
P 4 "
A A
d——a —— o
@ B 3]
A A 6 § v
&
v
{ | | 1 ] i |
10 20 30 40 50 60 70 80 90 100 (10 120 130

Figure 12.~ Spanwise strain distribution from E.R.S.G. readings.

SPAN STATION — IN.

140

L6¢T KWL VOVH

65




L)
LoAD / uF L. (FROM MEAN OF E.R,S5.G. READINGS)

35

30

25

20

10

(-]
Loap / u.f. L,(CALCULATED FROM DEFLECTIONS)

10

15

29

25

Figure 13.- Graph of strain gauge reading versus load,

30

as

LEET WL VOVN




20 200

180 % SPEC 90 TYPE I 160 * 3PEC 37 ff
z b « wnom oI e u 42 h257-842) UF.L. ﬁ
E e u T2 W M A u 4 A
é 0 X u 32 10:7-3TguEL. 4
o, v
a &

2 — 120 -
£ 1 7
x
o X
& < '
) g J /
IG ; a Il

2 80 Ve o /7
Er / /’
g
‘ [
~ / / /,
490 40 [
]
/V{ ’ / //4 V/
/]
3 — .
50 80 20 100 o 20 80 100

7 a0
LIFE OF SPEC.

Figure 14,- Crack propagation rate.

Failure types II, Iﬁ, IV,

40 80
ZLIFE OF SPEC,

Figure 15.- Crack propagation rate,

Fallure type L.

LACT WL VOVH

19



62

TORQUE - IN LB. (10% D.F.L.) SHEAR LOAD-LB. (10% D.F.L.)

NACA ™ 1397

SPRINGS ::=No., I.A =150 LB./IN.

/No.z.K-“» 8% LB.7IN.
No.3.K = [00 LB./IN.
a~"

o
Lo L
I i
24 Le. { ! {
| 32, o | e
S T T M t X
; { 180 ! s21
! i
t ] } ]
I
Y
SHEAR LOAD APPLIED
SHEAR LOAD WITH RIGID
LN SUPPORTS
42000 .
‘-— e -
41000
1 Il ‘,l, 2 qp 3 1
T 20 40 _ 60 SEMI SPAN (INS) 120 |40 220

TORQUE APPLIED
(ABOUT 25%, CHORD LINE)

W =13-4 CPS.

30000

Figure 16.- Shear and torsion diagrams ~ vibration loading rig.,
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Figure 17.- Failure at station 80 - type 1.
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Figure 18.- Failure at station 80 - type I, Inner surface,
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Figure 19.~ Failure at station 28 - type IT, (Similar failures cccur

at station 21

-~ type I, and at station 30 - type V.)
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Figure 20.- Failure at station 6 - type IV.
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failure, type VL)
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Figure 23,- Fallur

e in tension skin rearward at station 80.
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